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IT! ■ ABSTRACT 



The emission of relativistic electrons moving in the random and small-scale 
magnetic field is presented by diffusive synchrotron radiation (DSR). In this 
Letter, we revisit the perturbative treatment of DSR. We propose that random 



ai- 



and small-scale magnetic field might be generated by the turbulence. As an 



H 

example, multi-band radiation of the knot in Cen A comes from the electrons 
with energy 7 e ~ 10 3 — 10 4 in the magnetic field of 10~ 3 G. The multi-band 
spectrum of DSR is well determined by the feature of stochastic magnetic field. 
These results put strong constraint to the models of particle acceleration. 
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Subject headings: radiation mechanisms: nonthermal — galaxies: jet — galaxies: 
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1. Introduction 



A popular explanation of non-thermal emission from objects such as Gamma-Ray Burst 
(GRB) and jet in Active Galactic Nuclei (AGN) is synchrotron radiation. The relativis- 
tic electrons are buried in the external, homogenous and steady magnetic field. However, 
this large-scale magnetic field is a priori and the origin of it in GRBs and jets is under 
debate. Alternatively, the perturbative and more general no n-perturbative treatments of 



Diffusive Synchro tron Radiation (DSR) have been proposed (IToptygin fc Fleishman! Il987 



Fleishman! l2006al ). the so-called jitter radiation is a specific limiting ID case within the gen- 
eral perturbative DSR theory. DSR is the emission of relativistic electrons in the local and 
random magnetic field. The magnetic field might be produced by the following process: the 
anisotropic-distributed plasma can be disturbed by relativistic collisionless shocks, hence, the 
initial magnetic field is produced by the perturbation. The induced currents f rom the mag 



netic field amplify the original magnetic field thus Weibel instability occurs (IWeibellll959 
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Medvedev & Loebl Il999l : iFrederiksen et all 12004 ; iHededal fc Nishikawal I2005T ). Due to the 
lack of the ex ternal magnetic field , the particle accelerati on can not be treated by the Feimi- 
acceleration (IHededal et al.l 120041 ; iNishikawa et al.l 120061 ) as the usual way. Th e DSR and 
jitter r adiation have been selected to predict the spectrum of GRB / afterglow (IFleishman 



2006a 



( 



Medvedev 



20061 : Medvedev et all 120071 : IWorkman et al. 1 120071 1 and knot in the jet 



( Fleishman! l2006bT) . These anal ytical results are also identified with numerical simulations 



e.g..Hededal fc Nordlundl 120061 ) . 



There are still some problems which should be concentrated on. For instance, the plasma 
frequency to pe = (47re 2 n/m e ) 1//2 , as a function of the electron density n in the plasma, is 
introduced, thus the r adiation properties are strongly affected by the local environment. 
Medvedev et al.l (120051 ) played with the model by merging current filaments to generate the 
magnetic field, while in principle the generation of the magnetic field should be linked with 
the perturbation of the fluid field. Besides this filaments merging effect, there could be other 
possibilities to produce random magnetic field. 



In this paper, following the previous work of IFleishman! (j2006al ) and iMedvedevi (120061 ). 
we put forward the case of emission by relativistic electrons moving in stochastic magnetic 
field. In Section 2, we review the perturbative DSR and focus on the origin of the magnetic 
field. The local and random magnetic field may be produced by turbulence, but not Weibel 
instability. In Section 3, we compare our results to the multi-band spectrum of the knot in 
Centaurus A (hereafter Cen A). Finally, the discussion and future expectation are given in 
Section 4. 



2. Radiation Revisited and Stochastic Magnetic Field 



The emis sion of single relativistic particle in the small-scale magnetic field was firstly 
introduced by lLandau fc Lifshita (Il97ll ). Here, we follow the developed formula t o calculate 
the ra diation intensity, which is the energy per unit frequency per unit time (IFleishman 
2006ah : 



m 2 c 3 7 2 



1/27 2 U U' 



+ 



to 



dq dq5 (u/ -q + qv)K(q)5(q - q (q)) 

(1) 

where uj' = (cj/2)(7~ 2 + 9 2 + u 2 e /uj 2 ), 9 is the angle between the electron velocity and 
the radiation direction, q and q are the wave number and frequency of the disturbed field 
respectively, % 2 = 7 2 + u 2 e /uj 2 and 7 is the electron energy, K(q) is the term for the random 
magnetic field. 



- 3- 



Equat i on (1) is the general expression for perturbative treatment. It is pointed out by 
Fleishman! (j2006al ). the rectilinear motion of electron is valid for large frequencies, however, 
at low frequencies, the particle trajectory traverses several correlation lengths scattering by 
magnetic inhomogeneities, thus the particle deflecti on angle ac c umula ted along the coherence 
length exceeds the beaming angle (see Figure 1 of iFleishmanl (j2006al )). 



The dispersion relation q = qo(q) of the non-relativistic plasma was presented in I Weibel 



(1959). The imp r oved e quatio ns for the isotropic and re lativistic plasma were given in detail 



by iMikhailovskil (jl980j) while lYoon fc Davidson! (119871 ) built the analytical model for the 



relativistic plasma wit h a waterbag dist ri bution- 



perfor med recently by ISilva et al.l (120021 ) 



g ( 


2004 


) and 


Fiore et al. 



(120061 ). In th is paper, we choose the dispersion relatio n of relativistic collisionless shocks 



considered by iMilosavljevic. Nakar fc Spitkovskyl (120061 ) 



Weibel ins tability is an efficient way to generate the random magnetic field in rela- 



tivistic shocks (Silvaetal 



2003 



Schlickeiser fc Shuklal 120031 ; IWiersma & Achterberd 12004 



but see also Lyubarsky fc Eichlerl 120061 1 . However, there could be other possibilities to form 
magnetic structure. In this Letter, we argue that the local and random magnetic field gen- 
erated by turbulence is also relevant for the perturbative DSR theory. 

The spectrum energy in a fully developed turbulent fluid can be described by the Kol- 
mogorov form with the classical index —5/3. For the magnetic turbulence, the cascade delay 
time may enter the estimation of energy transfer rate, the energy spectrum of Kraichnan has 
an index of —3/2. Although the situation we focus on has no external magnetic field, at small 
scales, the turbulence i s still shown as the c ascade properties. Self-excited Alfven turbulence 
has also been found (jSokolov et al.l 120061 ) . Moreover, w e note that the non-magnetized 



and magnetized turbulence have a high-degree similarity (ICho. Lazarian fc Vishniad 12002 



Lazarian fc Beresnyak! 120041 ) . All these evidences indicate that a general form of fluid tur- 
bulence can also be valid for the study of random magn etic field generation . Furt hermore, 
the index of the turbulence spectrum is not universal. IZhou fc Matthaeud (119901 ) investi- 
gated local tur bulent effects with tr ansport models and other nonlinear terms. Using the 
scaling model Jshe &: Leveoue 1994) whi c h presents the cascade as an infinitel y-divisible 
log-Poisson process (jShe fc Waymirdll9951 ). iBoldyrev. Nordlund fc Padoanl (120021) deriv ed a 
steeper spectrum compared to that of Kolmogorov. In fact, as estimat ed by Wangl (2002), the 
i ndex value of a turbulent spectrum has the range between —1 to —2. iMacLow fc Ossenkopl 



(120001 ) found that the local turbulent spectrum does not show a straight power-law. There- 
fore, we propose that the turbulent spectrum be shown as: 

F{k) oc k~ a f(k/k v ) (2) 

where k v < k < k v , k u corresponds to the viscous scale of the fluid while k v is linked with 
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the scale of the resistive cascade transfer. We choose f(k/k v ) as an exponential-drop form. 



T he ma gnetic field amplified by the turbulence spectrum has been described by lNiemiec fa Ostrowski 



( 120041 . 120061 ). We obtain the amplified magnetic field as: 

(5B 2 (k)) oc / F{k')dk' (3) 
Jk 

In general, Eq.(2) presented as a power-law with a cutoff at high wave number is universal 
for the fluid dynamo turbulence, whatever the radiation field is. The K(q) in Eq.(l) can be 
linked by the magnetic field as K(q) = Co(5B 2 (q)) where Cq is the normalization number. 
Therefore, this turbulent approach for obtaining magnetic field is the developments in the 
framework of current DSR theory. 



3. The Case of Cen A 



Cen A, the nearest proto-FRI galaxy, was sketched from the observat ional view (llsrael 



2003 



1998) . In particular, the knot in the jet has been detecte d in radio, X-rav (jHardcastle et al 
Kraft et al-liooilKataoka et alJ2006h and infrared JHardcastle. Kraft fa WorraUhood ) 



bands. With these observations, this object provides a multi-band spectrum to constrain 
the radiation mechanisms and the models of particle acceleration. 



2 cm" 3 flKraft et all 120031 ). 



The central density of the knot in Cen A is n = 3.7 x 10 
the correlation length of the random magnetic field is estimated by l cor ~ (0.1 — l)l s k ~ 
10 5 — 10 6 cm where l x k = c/w pe is the skin depth, while the size of the knot is less than 10 pc 



Har dcastle et al.ll2003l ). The flare points and complicated light curves (jHardcastle. Kraft fa Worrall 
20061 ) indicate the disturbed effects of the irregular magnetic fields. These small-scale ran- 
dom inhomogeneities give us the opportunity to calculate the emission using perturbative 
DSR. We insert Eq.(2) to Eq.(l) and calculate numerically, we set the turbulent spectrum 
a = 1.45. The electron energy distribution dN/dj oc •y~ s is assumed as s = 3.3. The bulk 
Lorenz factor is T = 12. The range of k for turbulent spectrum calculation can be estimated 
by k v /k u = Pr^ 2 , whe re the Prandtl number is P r y 10~ 5 T 4 /n ~ 10 14 for the warm medium 



in the knot of Cen A (ISchekochihin fa Cowleyll2007l ). The final result with the comparison to 
the observational data is shown in Fig. 1. Thus, we use the single gross turbulent spectrum 
to reproduce the multi-band emission, with its drop-off point properly shown in the X-ray 
band. From the data fitting, we find that the relativistic electrons with 1 < / y e < 10 3 — 10 4 
are enough for this multi-band emission, while the turbulent magnetic field is strong, at 
least 10~ 3 ( j, which is larger tha n the equipartition value of 100/xG estimated by synchrotron 
radiation (IKataoka et al.l 120061 ). 
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The radiative cooling of synchrotron e mission may be one of the reasons to explain the 
deepe r spectrum toward high energy bands (IHeavens fc Meisenheime]ill987l;lMeisenheimer et al. 
19891 ) . The observation of M87 supports this traditional interpretation ([Harris et al. 1120 06). 



And the synchrotron emission by two population of electrons is needed (jSambruna et al 



20011 ) to explain the X-ray spectrum of 3C273. But for the spectrum of the knot in Cen A, 
the difference of the spectral indexes be tween the flatter part and the deeper part is less than 
0.5 (IHardcastle. Kraft fc Worralll 120061 ) . This is contradictory to the prediction of typical 
synchrotron electron cooling. For another point of view, the relatively low number density of 
the knot can contribute just a small amount of absorption, thus the strong decrease of flux 
in X-ray band is not due to dust attenuation. Therefore, the drop-off point in the spectrum 
might present the behavior of the turbulence. 

From another side, we may directly describe the magnetic field as: B 2 (k) oc k~ p . For 
this point, we avoid the detailed treatments of any turbulence model. With the double 
power-law as the form of magnetic field to calculate DSR, we select p± = 1.4 and P2 = 1.7 
respectively to get the result shown in the Fig. 2. But the bulk Lorenz factor is changed 
from Ti = 12 to T2 = 2. This result gives us an alternative clue to explain the multi-band 
spectrum: the break point in the spectrum might indicate the bulk transition state of the 
shock from extra-relativistic to sub-relativistic phase. 

There are some knots in other objects observed by multi-band telescopes. Different knots 
have different spectral slopes and different quantities of flux, indicating the non-uniform 
turbulent mode and different acceleration processes. In this paper, we give the example of 
Cen A. However, whatever the spectral shape is, we see that the observational spectrum 
can be explained by perturbative DSR theory, the emission is dominated by the random 
magnetic field which could be amplified by the turbulence. Thus, the spectral shape is 
uniquely determined by the random magnetic field from radio to X-ray band. 



4. Discussion 



In this paper, we use the turbulent spectrum to amplify the random magnetic field. We 
find that the spectrum shape of DSR is only dominated by the stochastic magnetic field. 
The existence of this kind of magnetic fi eld has been confirmed b y numerical simulations 
( Haugen. Brandenburg fc Dobler 2004al lbl: ISchekochihin et~aL 2004 ). Thus, the whole multi- 
band radiation is produced originally from a relatively small region, about several pc, with 
a series of physical processes. 



Furthermore, the light curves at radio, infrared and X-ray band of the knots are more 
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complicated. It seems th at the emission is firstly seen in th e X-ray band, then followed by 
infrared and radio bands (IHardcastle. Kraft &: Worrallll2006l ). We expect that the turbulent 
magnetic field could have time evolution during the cascade process with energy transfer. The 
final radiation spectrum may be a composite result from the multi-structure of the turbulence 
spectra and is averaged by the time evolution. Deep research of the delicate structure in the 
turbulent magneto-fluid is encouraged to explain the time-dependent features. 

Three aspects are included in the whole scenario: turbulence, magnetic field and particle 
acceleration. In our opinion, firstly, the fluid background is disturbed by the relativistic 
collision-less shock, the perturbative dynamos are distributed as the turbulence spectrum; 
then, the initial magnetic elements are amplified by the turbulence, shown as the random 
and small-scale magnetic field; finally, the particles can be accelerated by relativistic shocks 
and/or turbulent flow to produce DSR as a first step, then continually accelerated to the 
higher energy part by other mechanisms which are related to the mature magnetic field. For 
simplicity, in this Letter, we assume that the electron injection is continuous so that the 
spectrum does not show energy loss by radiation. 



The electron energy distribution dN^) jdrf oc 7 s has no universal index s (IShen. Kumar fc Robinson 



20061 ). This suggests that particle accel eration may also have m ultiple processes. There are at 
least two ways to accelerate electrons. iHonda fc Hondal (120051 ) considered that the electrons 
are accelerated by the interaction with the local magnetic filaments; although our model 
prohibits an ext ernal magnetic field , since the Alfven turbulence can be self-excited by the 
diffusive shocks ( ISokolov et al.ll2006l ). the popular Fermi and stochastic acceleration can also 
be accepted in the local region. Other models reveal that the index s v aries with the upstream 
and downstream of the shock (IKeshet fc Waxmanll2005l ; lBaringll2007). Recent research even 
finds that particle acceleration is affected by the equation of state (jMorlino. Blasi fc Vietri 
20071 ). Further investigation into the relationship of turbulence, magnetic field and particle 
acceleration would be expected. 



We thank A. Celotti and F. Yuan for the helpful discussion. This work is financially 
supported by the Chinese National Science Fund 10673028. 
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Fig. 1. — Multi-band spectrum of knot in Cen A predicted by perturbative DSR. Mag- 
netic field is obtained by the Eq. (3). The observational data (inner, middle and outer 
regions are symbolized by s t ars, t riangles and diamonds respectively) are collected from 
Hardcastle. Kraft fc Worralll (120061 ). Our prediction is denoted as the solid line. 
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Fig. 2. — Multi-band spectrum of knot in Cen A predicted by perturbative DSR. The solid 
line denotes the radiation determined directly by the random magnetic field of a double 
power-law. The observational data are shown as same as those in the Fig.l. 



